Plant defenses often involve specialized cells and tissues. In conifers, specialized cells of the bark are important for defense against insects and pathogens. Using laser microdissection, we characterized the transcriptomes of cortical resin duct cells, phenolic cells and phloem of white spruce (Picea glauca) bark under constitutive and methyl jasmonate (MeJa)-induced conditions, and we compared these transcriptomes with the transcriptome of the bark tissue complex. Overall,~3700 bark transcripts were differentially expressed in response to MeJa. Approximately 25% of transcripts were expressed in only one cell type, revealing cell specialization at the transcriptome level. MeJa caused cell-type-specific transcriptome responses and changed the overall patterns of cell-type-specific transcript accumulation. Comparison of transcriptomes of the conifer bark tissue complex and specialized cells resolved a masking effect inherent to transcriptome analysis of complex tissues, and showed the actual cell-type-specific transcriptome signatures. Characterization of cell-type-specific transcriptomes is critical to reveal the dynamic patterns of spatial and temporal display of constitutive and induced defense systems in a complex plant tissue or organ. This was demonstrated with the improved resolution of spatially restricted expression of sets of genes of secondary metabolism in the specialized cell types.
INTRODUCTION
Conifers often live for several hundred years exposed to a diverse abundance of herbivores and pathogens. Chemical and physical defenses located in the protective bark are thought to be critical for the adaptive capacity of conifers to cope with variable biotic stresses and for their evolutionary success (Franceschi et al., 2005) . Conifer defense systems include an array of secondary metabolites produced and concentrated in specialized cell types of the cortex and phloem of the bark. In general, the bark of conifers serves four major functions: transport of sugars and other molecules in the phloem; shielding of the cambial meristem; protection against abiotic stress such as water loss; and defense against biotic challenges such as stem boring insects and pathogens.
In white spruce (Picea glauca), a conifer with a sequenced 20-Gbp genome and which dominates much of the boreal forest of North America (Warren et al., 2015) , the primary bark is composed of more than 10 different cell types, some of which appear to be highly functionally specialized (Figure 1 ). For example, phloem sieve cells, which are associated with companion cells, are specialized for transport of sugars and other molecules. The phloem is often selected as a nutrient-rich food source by stem-feeding insects such as bark beetles and weevils. Two different cell types of the conifer bark have been recognized as particularly important for chemical defense, the phenolic cells and the epithelial cells of the cortical resin ducts (CRDs; Figure 1 ; Franceschi et al., 2005) . Phenolic cells accumulate phenylpropanoid-derived secondary metabolites (Franceschi et al., 1998; Li et al., 2012) . They are typically organized in tangential rows in the primary and secondary phloem [phloem phenolic (PP) cells] or as clusters in the cortex [cortex phenolic (CP) cells]. Resin ducts appear constitutively in the cortex (CRDs) of white spruce. CRDs are composed of epithelial cells, which produce and secrete oleoresin terpenoids for accumulation in the resin duct lumen . The spatial display of CP cells and CRDs in the bark serves as an outer line of defense to protect the inner nutrient-rich phloem and cambial meristem against herbivores and pathogens.
Previous work has characterized constitutive and induced conifer defenses in bark, wood or whole stem samples, all of which are composed of several different cell types or tissues (Krokene et al., 1999; Martin et al., 2002; Miller et al., 2005; Ralph et al., 2006 Ralph et al., , 2007 Lippert et al., 2007; Schmidt and Gershenzon, 2007; Zulak et al., 2009; Hall et al., 2011; Liu et al., 2011) . Conifer bark itself is not a uniform tissue but a multi-tissue complex. While most previous studies lacked tissue or cell type spatial resolution, they revealed some of the broad scope of transcriptome, proteome and biochemical changes in responses to biotic stress, including insights into the biochemistry and molecular biology of Cross-sections (a-e) and radial sections (f-h) of the bark tissue complex of 5-year-old white spruce 8 days after methyl jasmonate (MeJa) treatment. Stem samples from the upper inter-whorl were fixed in formaldehyde and embedded in LR white resin. Thin sections (500 nm thick) were stained with Stevenel's blue and imaged using brightfield microscopy. The different tissues and cell types are labeled as CP (cortex phenolic cells), CRD (cortical resin duct), P (periderm), Phlo (phloem), R (ray cells), S (sieve cells), VC (vascular cambium) and X (xylem). (a) Microscopy image of different cell types of the bark tissue and (b) schematic color coding of the different cell types (green: S, sieve cells; yellow: Phlo, phloem parenchyma cells; blue: R, ray cells; purple: CP, cortex polyphenolics cells; and dark red: CRD, cortical resin duct cells). Images of CRD in the cross-section (c) and radial section (f), Phlo in cross-(d) and radial (g) sections, and CP cells in cross-(e) and radial (h) sections. CRD, CP and Phlo were isolated for transcriptome sequencing.
oleoresin terpenoid defenses and phenolic defenses (Zulak et al., 2009; Hall et al., 2011; Hamberger et al., 2011; Hammerbacher et al., 2011) . A few studies also characterized cell-type-specific features of conifer defense. For example, Franceschi et al. (1998) identified PP cells as a major site of biosynthesis and accumulation of phenolic defense compounds in Norway spruce (Picea abies), as indicated by immuno-localization of the phenylpropanoid pathway enzyme phenylalanine ammonia lyase (PAL). Similarly, showed by immuno-localization of a diterpene synthase (diTPS) that diterpene resin acid biosynthesis is located in epithelial cells of CRDs. Using laser microdissection (LMD), Abbott et al. (2010) detected selected terpene metabolites, enzyme activities and transcripts of terpenoid biosynthesis in white spruce CRD cells. Also using LMD, Hamberger et al. (2011) showed that diTPS and cytochrome P450 (P450) transcripts of diterpene resin acid biosynthesis are enriched in CRD cells. These two LMD studies were limited to a relatively small number of target genes whose transcript levels were assessed by reverse transcriptase-quantitative polymerase chain reaction (RTqPCR). LMD of Norway spruce PP cells coupled with NMR spectroscopy identified the accumulation of (+)-catechin, a phenolic metabolite, in response to fungal attack (Li et al., 2012) . Work by Li et al. (2007) also provided insights into the chemical composition of bark stone cells, a cell type of particular importance for resistance of spruce against weevils and potentially bark beetles (Whitehill et al., 2016a,b) . Overall, the previous work on individual cell types of conifer bark advanced the characterization of selected aspects of conifer defense, but did not yet study the cell-or tissue-specific defenses and their dynamics more comprehensively across their transcriptomes.
A main objective of the present work was to characterize the transcriptomes of specialized cells of the conifer defense system, specifically CRD and CP cells, in the bark of white spruce and to investigate if simulated insect attack, as mimicked by treatment with MeJa (Miller et al., 2005) , affects induced transcriptome dynamics in a celltype-specific manner. We sequenced and characterized the transcriptomes of CRD epithelial cells and CP cells isolated by LMD, which provided a unique resource for this work and for future studies. In addition, we investigated the transcriptome of phloem (Phlo) tissue isolated by LMD, which includes sieve cells, companion cells, PP cells and ray cells. Phlo tissue, CP cells and CRD cells represent three major living components of white spruce bark. For comparison, we included transcriptomes of the bark tissue complex, which includes all of the different cell types of the bark. Transcriptomes were analyzed for cell types (CRD, CP), tissue (Phlo) and bark tissue complex from trees treated with methyl jasmonate (MeJa) or tween (control). The cell-type-and tissue-specific transcriptomes, when compared with the transcriptome of the bark tissue complex, unveiled major masking and dilution effects inherent to transcriptome analyses of complex plant tissues. We identified dynamic changes in the cell-type-and tissue-specific transcriptome signatures as part of the MeJa-induced defense response at biologically informative spatial resolution.
RESULTS

General features of the spruce bark transcriptome
To obtain cell-type-and tissue-specific transcriptomes from MeJa-treated and control (ctrl) trees, we isolated Phlo tissue, CP cells and CRD cells by LMD from stem cross-sections of the uppermost interwhorl of 5-year-old trees 8 days after MeJa or ctrl treatment ( Figure S1 ). The 8-day time point was chosen based on previous reports of substantial increase in conifer defenses at this time point (Martin et al., 2002; Miller et al., 2005; Zulak et al., 2009) . We used trees of identical genotype (clone Pg653), with four individual trees for MeJa treatment and four trees as ctrls. Due to the extremely small amounts of RNA that could be obtained from LMD cells (Table S1 ), samples from the four trees for each treatment (MeJa or ctrl) were pooled by cell type and treatment for transcriptome sequencing. This was necessary to obtain a sufficient amount of RNA to generate cell-type-specific transcriptomes without additional cDNA amplification, thus avoiding potential amplification biases. Pooling of LMD samples was chosen to increase the power to detect rare transcripts and improve the assembly of full-length transcript by generating deep specialized tissue transcriptomes. However, this approach did not allow for statistical analysis of the tree-to-tree variation of cell-type-specific transcriptomes. Transcriptomes of the bark tissue complex were sequenced from the same trees as four separate biological replicates for MeJa and ctrl conditions enabling statistical analysis of the changes in transcript abundance in response to MeJa. In total, we produced six cell-type-specific transcriptomes (CRD-ctrl, CRD-MeJa, CP-ctrl, CP-MeJa, Phlo-ctrl, Phlo-MeJa) and eight bark tissue complex transcriptomes (four replicates each for MeJa and ctrl).
Transcriptome sequencing on the HiSeq 2000 Illumina platform yielded 332 M high-quality (hq) read-pairs for the six cell type libraries, and 136 M hq read-pairs for the eight bark tissue complex libraries. All sequence reads were initially combined and assembled de novo with Trinity generating 231 208 non-redundant (nr) contigs and 47 589 predicted nr peptides ( Figure S2 ; Table S2 ). To validate the quality of the RNA-Seq assembly, we compared the combined bark transcriptome with a reference set of Sanger cDNA sequences obtained from RNA of LMD-isolated CRD cells and cambium of MeJa-treated Pg653 (accession numbers GW726474-GW738147). Overall, 82% of the Sanger sequence reads (mean length of~580 bp long) mapped with at least 97% identity and 90% coverage to transcripts assembled from the RNA-Seq data, indicating that sequence quality of short reads obtained from LMD cells and the resulting de novo assembly are comparable to the high quality of traditional Sanger cDNA sequences.
A high-level annotation of the combined transcriptome was performed by homology search against the NCBI viridiplantae nr database using Blast2go (Conesa et al., 2005) . In total, we annotated 65 844 transcripts with a cutoff e-value <1 9 e À10 (Table S3) . Gene ontology (GO) analysis identified features that may contribute to chemical defense systems, such as metabolic processes, catalytic activities and biosynthetic processes, among some of the predominant annotations in the bark transcriptome (Figure S3 ). Among the protein domains found in the transcriptomes, the most prominent included glycoside hydrolase catalytic core, MYB transcription factors, P450 domains and various kinases ( Figure S4 ). In addition, we annotated gene families of particular interest for terpenoid and phenolic secondary metabolism defense systems. Specifically we manually annotated terpene synthases (TPSs), isoprenyl diphosphate synthases (also referred to as prenyl transferases; PTs) and P450s, as well as the methylerythritol phosphate (MEP) pathway, the mevalonic acid (MEV) pathway and the phenylpropanoid pathway, as described in Zerbe et al. (2013) and Warren et al. (2015; Table S4) . Manual annotation of these gene families and pathways resulted in the identification of all genes of the MEP and MEV pathways, six different PTs, 15 different TPSs with a cut-off size of over 400 amino acid length (>400 aa; Table S4 also includes shorter sequences putatively annotated as TPS), as well as genes covering the complete phenylpropanoid core pathway (PAL, C4H and 4CL), and sets of genes of the flavonoid, stilbenoid and lignin branches of phenylpropanoid biosynthesis (Table S4) . We identified 98 different P450s (>400 aa).
We compared the manually annotated genes in the combined transcriptome, which comprised the bark tissue complex and the LMD-isolated cell types and tissue of the white spruce genotype Pg653, with previously annotated transcripts and genes of the same biological processes in the white spruce genotype PG29, for which the genome has been sequenced (Warren et al., 2015) . For the terpenoid biosynthesis, phenylpropanoid core pathway and P450s, we found 41 manually annotated sequences in Pg653 that were not previously found with reliable transcript contigs or gene models in PG29, including two additional TPSs and 33 additional P450s (all >400 aa; Table S5 ). The additional gene discovery may be attributed to the sequence depth obtained with LMD-isolated cells and tissue.
Cell-type-specific transcriptomes resolve dilution and masking effects
In the comparison of transcriptomes from the bark tissue complex and transcriptomes from the LMD-isolated cell types and tissue, we found that sequencing of specialized cells and tissue isolated by LMD can identify rare transcripts that may be diluted in the transcriptomes of complex tissue. Dilution of rare transcripts appears to affect transcriptomes of complex tissues, where highly abundant transcripts of the most abundant cell types drown out rare signals from lesser abundant transcripts in the lesser abundant specialized cells. We refer to this phenomenon as the 'dilution effect', which is conceptually explained in Figure S5 . To assess the extent of the dilution effect in the bark tissue complex transcriptome, we identified the number of different transcripts that were expressed with at least 10 counts per million (cpm) in any of the cell-type-or tissue-specific transcriptomes, but had no (zero) expression in the bark tissue complex transcriptome. In total, over 49 000 transcripts (21%) out of the total of 231 208 nr contigs were not detected in the bark tissue complex transcriptome, but were detected with at least 10 cpm in the cell-type-and tissue-specific transcriptomes (Table S6 ). The improved detection of low-abundance transcripts may also be explained in part by the greater sequencing depth accomplished with the cell-type-specific libraries. Heat maps of transcripts affected by dilution across the different transcriptomes are shown in Figure 2 Beyond the advantage of overcoming 'dilution effects' for transcript and gene discovery, the analysis of cell-typeor tissue-specific transcriptomes also resolves the additional problem of a 'masking effect', which is schematically shown in Figure S5 . We found that the actual complexity of induced transcriptome responses at the level of individual cell types or tissues was lost (or 'masked') when transcriptome changes were assessed at the whole-tissue level, as shown in Figure 2 (b). To assess the extent of masking in the ctrl and MeJa transcriptome of the bark tissue complex, we searched these transcriptomes for transcripts that had no apparent change in abundance between ctrl and MeJa-treated trees, but which showed differences in abundance between cell types in ctrl and MeJa-treated trees (Figure 2b ).
Transcripts identified as differentially expressed (DE) in response to MeJa
In total, we identified 3718 transcripts in the bark tissue complex as DE [P < 0.01, fold-change >2, false discovery rate (FDR) <10%] in response to MeJa at the 8-day time point after treatment (Table S7 ). Detection of MeJainduced change of transcript abundance by RNA-Seq was highly correlated (adjusted R 2~0 .95) with the detection by RT-qPCR, which was used for validation with a subset of 21 transcripts ( Figure S6 ). The 10 most strongly induced transcripts included the following annotations: three unknown transcripts (~1000-fold,~170-fold and~160-fold); three thaumatin-like proteins (~460-fold,~280-fold and 130-fold); acetyl transferase (~250-fold); pathogenesisrelated protein (~150-fold); antimicrobial protein (~130-fold); and 3-carene synthase (120-fold). The 10 most strongly reduced transcripts were annotated as: histidinecontaining phosphotransfer protein (~50-fold); transparent testa 12-like (~50-fold); fk506-binding protein 4-like (~45-fold); P450 (~40-fold); glutamine amidotransferase (~40-fold); three non-annotated transcripts (~40-fold,~35-fold and~25-fold); ABA-responsive lea-like (~35-fold); and alpha beta-hydrolases superfamily protein isoform 1 (~30-fold).
To assess the overall effect of MeJa across different gene families and metabolic processes, we performed an enrichment analysis of GO terms for MeJa-induced and MeJa-reduced transcripts, which highlighted induction associated with 'response to stimulus', phenylpropanoid biosynthesis, flavonoid metabolic activities, cell-wall-related processes and oxidoreductase functions ( Figure S7 ). GO terms enriched in MeJa-reduced transcripts included metabolic processes (i.e. phenylpropanoid catabolism), lignin metabolism and oxidation-reduction activities ( Figure S8 ). Analysis of the set of annotated transcripts for signatures of MeJa-induced DE revealed induced transcripts that included putative mono-TPSs, geranylgeranyl diphosphate synthase (GGPPS), PAL, and multiple P450s annotated as hydroxylases in the phenylpropanoid and terpenoid biosynthesis pathways (Table S7) .
Specialized cell types and phloem tissue have distinct transcriptomes
Using the transcriptome data of LMD-isolated cells and tissue, we tested if specific cell types contribute differentially and uniquely to the induced overall transcriptome of the bark tissue complex. We used an unsupervised hierarchical clustering algorithm to detect dominant, relative expression patterns across cell types and treatments ( Figure 3 ; Table S8 ). This analysis identified six distinct clusters of transcripts (cluster-a to cluster-f) characterized by different patterns of expression by cell type and treatment conditions (Table S8) , and enriched in different GO terms (Table S9 ). Overall, clustering by cell type or tissue was dominant, as opposed to clustering by treatment condition (Figure 3 ). Cluster-a grouped transcripts that were abundant in Phlo and low in CRD in both the MeJa and ctrl conditions, and abundant in CP under MeJa conditions. Annotations of transcripts in this cluster included known functions of phloem tissues such as transport (ABC transporters and MATE transporters), and transcripts potentially involved in primary and secondary metabolism (glycoside hydrolases, cytochrome P450s, caffeate O-methyltransferase). The GO term galactosidase activity (GO:0004557) was enriched in cluster-a. Cluster-b contained transcripts that increased in abundance with MeJa in all three cell and tissue types, including transcripts annotated as mevalonate diphosphate decarboxylase in terpenoid biosynthesis, PAL, p-coumarate 3'-hydroxylase, chalcone isomerase, anthocyanidin synthase, allene oxide synthase and chitinases. GO terms enriched in cluster-b included defense response (GO:0006952) and chitin catabolic process (GO:0006032). Transcripts in cluster-c showed preferential expression in CRD cells under ctrl and MeJa conditions, and were characterized by a strong coverage of terpenoid biosynthetic genes including the MEP pathway, GGPPS, multiple TPS and P450s. Transcript annotations in this cluster included several members of the MYB and WRKY transcription factors. GO terms enriched in cluster-c included green leaf volatile biosynthetic process (GO:0010597), the lipoxygenase pathway (GO:0019372) and terpenoid biosynthetic process (GO:0016114). The dominant cluster-d revealed a large set of transcripts that were preferentially expressed in Phlo, both under MeJa and ctrl conditions. Transcripts in cluster-d reflected known functions of phloem including transporters for monosaccharaide, amino acids, peptides and nitrates. Phlo transcripts potentially involved in defense included jasmonic acid biosynthesis (allene oxide synthase) and phenolic metabolism (trans-cinnamate 4-monooxygenase, glycosyl hydrolases, cinnamoyl-CoA reductase UDP-glycosyltransferases). GO terms enriched in cluster-d include carbohydrate metabolic process (GO:0005975) and hydrolase activity acting on glycosil bonds (GO:0016798). Cluster-e grouped transcripts abundant in CP and Phlo under both ctrl and MeJa. Transcript annotations in this group included amino acid transporters, cinnamoyl-CoA reductase and UDP-glycosyltransferase. No particular GO terms were enriched in cluster-e. Cluster-f was dominated by transcripts abundant in CP under both conditions, and CRD under MeJa while present at low levels in Phlo. Transcript annotations in cluster-f Cluster analysis was performed using normalized RNA-Seq TPM data for Phlo, CRD and CP cells under ctrl and MeJa conditions. Transcripts (rows) were clustered using Pearson's distance as the metric, and cell types/treatments (columns) were clustered using Spearman's correlation as the distance metric. Blue and yellow colors represent pairwise distances below and above, respectively, the mean (black) across all six samples. The seven clusters, 'a'-'f', identified in this analysis are shown with red box in the dendrogram and labeled on the right side of the heat map.
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MeJa-induced changes of transcript cell type specificity
The patterns observed by hierarchical clustering (Figure 3 ) indicated substantial cell type specificity in the MeJainduced transcriptome response. However, due to the high computational memory requirements of hierarchical clustering algorithms, which increase exponentially with the number of genes to be clustered, this analysis could only cover a subset of transcripts with the highest degree of variation across treatments and cell types. To explore the question of transcript cell type specificity across the complete set of transcripts, we calculated the Tau-score for each transcript, which measures the cell type specificity of the expression on a scale from 0 to 1, where 0 means nonspecific expression, and 1 means highly cell-type-specific expression (Liao and Zhang, 2006) . For each transcript a Tau-score was calculated individually for the two conditions, ctrl and MeJa, using cell-type-specific RNA-Seq data.
When plotting the ctrl Tau-scores versus MeJa Tauscores, the vast majority of transcripts showed a strong deviation from the diagonal line (Figure 4 ), indicating that cell type specificity was strongly modulated by MeJa. In addition, instead of obtaining a single and normally distributed population of Tau-scores, we observed four distinct subpopulations of transcripts with characteristic Tau-scores patterns in response to MeJa (Figure 4 ). Transcripts with high cell type specificity in the MeJa condition grouped at the upper-edge of the plot (Tau MeJa = 1), while transcripts with high cell type specificity in the control condition grouped at the right-edge of the plot (Tau ctrl = 1). In the middle area of the plot, transcripts grouped in two additional subpopulations, one with low cell type specificity (Tau centered at~0.24), and one with high cell type specificity (Tau centred at~0.99). Based on the observed Tau-score distributions, the four transcript subpopulations were broadly classified as high specificity and low specificity transcripts whether they had a Tau-score above or below 0.75, respectively. This resulted in a quadrant system with three categories of transcripts Q1, Q2 and Q3 ( Figure 4 ; Q1: low cell type specificity; Q2: high cell type specificity in one condition only; Q3: high cell type specificity in both conditions).
The observed distribution and categories of Tau-scores suggested that cell type specificity was strongly and differentially modulated by MeJa for the majority of transcripts. To gain further insight into the changes in cell type specificity in response to MeJa, we tested if preferential expression of transcripts could switch from one cell type to another upon MeJa treatment. For this analysis, we assigned transcripts to a cell type based on the highest expression for each condition. Plotting ctrl Tau-scores versus MeJa Tau-scores for all combinations of the three different cell types and tissue revealed a highly dynamic behavior of cell type specificity in response to MeJa with a large number of transcripts changing the cell type where they are preferentially expressed ( Figure 5 ; Table S10 ). For example, transcripts in the CRD-Phlo plot ( Figure 5 , plot b) were preferentially expressed in CRD cells in ctrl, but in the MeJa condition preferential expression changed to Phlo cells. Overall, a considerable fraction of the transcriptome (19% of the analyzed 12 284 transcripts) had high cell type specificity ( Figure 5 ; Tau > 0.75, Q3) under both the ctrl and MeJa conditions. Of these,~94% did not change their cell type specificity ( Figure 5 ; Q3 in plots c, e and g), suggesting these transcripts remained preferentially expressed in the same cell type. The remaining~6% of Q3 transcripts showed a MeJa-induced change of the cell type in which the transcript was preferentially expressed ( Figure 5 ; Q3 in plots a, b, d, f, h and i). These changes in cell type specificity were also observed in Q2 and Q1 transcripts, with the most prominent changes detected for transcripts expressed in Phlo in ctrl trees that upon MeJa induction were preferentially expressed in CRD and CP cells (Figure 5 ; Q1, Q2 and Q3 in plots f and i). A similar Tau-scores for each transcript under ctrl and MeJa conditions were calculated and plotted to determine the changes in the overall distribution of Tau-scores in response to MeJa. Based on the Tau-score distribution, a quadrant system at Tau = 0.75 was defined to classify transcripts according to their cell type specificity. The bottom-left quadrant (Q1) contained a large number of transcripts with Tau-scores that ranged from 0 to 0.75, and mean Tau-score of~0.24. The top-right quadrant (Q3) contained a group of transcripts with high cell type specificity in both treatments (Tau > 0.75). This group had a mean Tau-score of~0.99. A third class of transcripts was composed of those with a Tau-score >0.75 in only one condition (Q2). This group of transcripts can be further classified into two groups: those having high cell type specificity in ctrl; and those having high cell type specificity in MeJa-treated trees. Transcripts that had a Tau = 1 in one condition formed an edge on the top and right sides of the plot. Histograms indicate Tau phenomenon was observed for transcripts expressed in CRD under ctrl conditions, which upon MeJa induction were specifically expressed in Phlo and CP cells ( Figure 5 ; Q1, Q2 and Q3 in plots b and h). In addition, a significant fraction of the transcriptome (13% of transcript) showed high specificity in either ctrl or MeJa, many of them forming a line at Tau = 1 (Figure 5 ; Q2 in plots a-i). Taken together, these results revealed transcriptomewide cell-type-specific expression patterns indicative of a high level of transcriptome specialization in each cell type, and showed some dynamic change of cell type expression specificity in the MeJa-induced response.
Cell type specificity of transcripts that appear selectively expressed under MeJa or ctrl conditions A subset of the transcriptome (3430 transcript species) was detected in only one condition (ctrl or MeJa), and therefore was excluded from the particular Tau-score analysis described above (Figure 5 ), which required two Tau-scores as parameters to identify induced changes in cell type specificity. However, transcripts selectively expressed or silenced in response to MeJa may have important functions in defense and warrant additional analysis. We grouped these transcripts by cell type or tissue, and according to the condition under which they were expressed. Across the different cell types and tissue we found more transcripts that were selectively expressed under ctrl conditions (2279 transcripts) than under MeJa (1151 transcripts; Figure 6a ). With 1699 transcripts selectively expressed in Phlo under ctrl conditions, and 261 selectively expressed in Phlo under MeJa, the Phlo tissue contributed the largest number of transcripts to this phenomenon of cell-type-specific silencing in response to MeJa. Analysis of the Tau-scores for transcripts that were detected under only one of the two conditions, ctrl or MeJa, showed that ctrl-and MeJa-induced transcripts in Phlo had higher cell type specificity as indicated by a Tauscore distribution strongly skewed to Tau = 1, whereas transcripts in CP and CRD showed a broader range in cell type specificity (Figure 6b ). Annotations of transcripts expressed selectively in the MeJa condition revealed TPS genes including mono-TPS and putative 2-methyl-3-buten-2-ol synthase, several MYB, R2R3, bHLH and ethylene-responsive transcription factors, UDP-glucosyltransferases, putative PAL, various P450s, 1-aminocyclopropane-1-carboxylate synthase and flavonoid biosynthesis genes (Table S11) . Among the transcripts expressed selectively in ctrl conditions, we annotated genes for sugar transporters, cell division cycle proteins, di-TPS, E3 ubiquitin-protein ligases, vacuolar protein sorting-associated proteins, LRR receptor-like serine threonine-protein kinase, translation initiation factors and elongation factors (Table S12) . Overall, the MeJa and control transcriptomes had much higher cell type specificity when compared with the Tau-score distribution of all transcripts in each cell type (Figure 6c ). The degree of cell type specificity in these subsets of transcripts further supported the results that MeJainduced responses can be highly cell type specific.
Spatially refined terpenoid pathway gene expression maps
Beyond overall patterns of cell-type-specific transcriptomes, we performed a refined analysis of the transcriptomes of CRD, CP and Phlo specifically for coverage of the terpenoid metabolic system, which features prominently in conifer defense . In brief, oleoresin mono-and diterpenoids originate from the MEP pathway, and sesquiterpenoids originate from the MEV pathway. The isoprenyl diphosphate precursors of oleoresin terpenoids are produced by PTs, specifically geranyl diphosphate synthase (GPPS), farnesyl diphosphate synthase (FPPS) and GGPPS. TPS and, in the case of diterpene resin acids biosynthesis, additional P450s of the CYP720B family form the final oleoresin terpenoids. We annotated all of the known steps of oleoresin terpenoid biosynthesis and constructed pathway expression maps spatially covering CP, CRD and Phlo for ctrl and MeJa conditions (Figures 7 and 8) .
As an indicator of the high quality and completeness of the transcriptomes, we found full-length sequences for all steps of both the MEV and MEP pathways (Figure 7 ). This also includes mevalonate kinase (MK) and phosphomevalonate kinase (PMK), which were missing in the recent assembly and annotation of the white spruce genome (Warren et al., 2015) . Transcripts of the MEP pathway and GGPPS are involved in mono-and diterpene biosynthesis, and were predominantly expressed in CRD cells, while Genes of the terpenoid oleoresin biosynthetic system were manually annotated. Cell-type-and tissue-specific expression (i.e. transcript abundance) of each gene was normalized and plotted as a heat map. Cell types and treatments are indicated on the top of each heat map. Bar plots next to each gene indicate the sum of transcripts per million (TPM) in the two conditions and for all cell types, representing the total relative expression for a given transcript. All bar plots have the same scale. Expression values in each row are z-score-normalized as described in Experimental procedures. Annotations and sequences can be found in Table S4 . AACT, acetyl-CoA C-acetyltransferase; CMK, 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase; DXR, 1-deoxy-D-xylulose-5-phosphate reductoisomerase; DXS, 1-deoxy-D-xylulose-5-phosphate synthase; FPPS, farnesyl diphosphate synthase; GGPPS, geranylgeranyl diphosphate synthase; GPPS, dimethylallyltranstransferase/geranyl diphosphate synthase; HDR, 4-hydroxy-3-methylbut-2-enyl-diphosphate reductase; HDS, (E)-4-hydroxy-3-methylbut-2-enyldiphosphate synthase; HMG-R, hydroxymethylglutaryl-CoA reductase; HMG-S, hydroxymethylglutaryl-CoA synthase; IPPI, isopentenyl-diphosphate D-isomerase; MCT, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase; MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; MK, mevalonate kinase; MPDC, diphosphomevalonate decarboxylase; PMK, phosphomevalonate kinase; HMG-CoA, hydroxymethylglutaryl-CoA; DXP, 1-deoxy-D-xylulose 5-phosphate; MEP, 2-C-methyl-D-erythritol 4-phosphate; CDP-ME, 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol; CDP-MEP, 2-phospho-4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol; ME-cPP, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate; HMBPP, 4-hydroxy-3-methylbut-2-enyl diphosphate; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate; GPP, geranyl diphosphate; FPP, farnesyl diphosphate; GGPP, gernaylgeranyl diphosphate. The majority of TPSs showed spatial expression profiles that were highly CRD specific (Figure 8 ). TPS genes showed major differences in the absolute expression level (i.e. transcript abundance), with all of the highly expressed TPS being also preferentially expressed in CRD cells (Figure 8) . These results suggest that much of the complex composition of oleoresin terpenes is determined by the expression of a set of TPSs that are highly and cell type specifically expressed in CRDs. Expression of several different P450 genes was also highly CRD specific (Figure 8 ). The two most highly expressed P450s in the CRD cells, and among the most highly expressed P450s in all cell types, were CYP720B4 and CYP720B12, which are known to function in diterpene resin acid biosynthesis Geisler et al., 2016; Figure 8) .
Most TPS, P450 and MEP pathway genes had reduced transcript levels in MeJa relative to ctrl conditions; however, these transcripts remained among the most abundant in CRD cells ( Figure S9) . Overall, the spatial expression map of terpenoid biosynthesis is consistent with a specialized function of CRD cells in the spatially defined constitutive oleoresin defense systems in the spruce bark tissue.
Spatially refined phenylpropanoid pathway and glucosyl hydrolase gene expression maps
Phenolic metabolites of conifer defense originate from the core phenylpropanoid pathway, which consists of PAL, cinnamate-4-hydroxylase (C4H) and 4-coumaroyl CoA-ligase (4CL), and some of its specific branches (Franceschi et al., 1998; Hammerbacher et al., 2011; Mageroy et al., 2015) . To assess cell-type-specific expression of phenolic metabolism, we annotated transcripts of this metabolic system and constructed pathway expression maps covering CP, CRD and Phlo for ctrl and MeJa conditions (Figure 9 ). Under ctrl conditions, transcripts of a few PAL, C4H and 4CL genes were more abundantly expressed in CP cells Genes of phenylpropanoid biosynthesis and phenolic metabolism were manually annotated and used to construct pathway expression maps with their celltype-and treatment-specific expressions. Cell-type-specific expression of each gene was normalized and plotted as a heat map where labels for cell types and treatments are indicated on top of each heat map. Bar plots next to each gene indicate the sum of transcripts per million (TPM) in the two conditions and for all cell types, representing the total relative expression for a given transcript. All bar plots have the same scale. Expression values in each row are z-score-normalized as described in Experimental procedures. Gene name abbreviations: 4CL, 4-coumarate-CoA ligase; C3H, p-coumaroyl shikimate/quinate 3'-hydroxylase; C4H, trans-cinnamate 4-monooxygenase; CAD, cinnamyl-alcohol dehydrogenase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CCR, cinnamoyl-CoA reductase; CHI, chalcone isomerase; CHS, naringenin-chalcone synthase; DCS, 6'-deoxychalcone synthase; F3H, flavanone 3-dioxygenase; HCT, hydroxycinnamoyl-CoA:shikimate/quinate hydroxycinnamoyltransferase; COMT, caffeate O-methyltransferase; PAL, phenylalanine ammonia lyase; PS, pinosylvin synthase; STS, trihydroxystilbene synthase.
© 2017 consistent with constitutive phenolic defenses produced in this cell type. In addition, several PAL and C4H transcripts increased in response to MeJa with relative higher abundance in CRD. For the flavonoid and stilbenoid branches, transcripts for some genes encoding chalcone synthase (CHS), chalcone isomerase (CHI), flavonoid-3-hydroxylase (F3H) and stilbene synthase (STS) appeared to be more abundantly expressed in CP cells or Phlo under ctrl conditions compared with CRD cells. Among genes potentially involved in the monolignol branches, two transcripts annotated as caffeoyl CoA O-methyltransferases (CCoAOMT) and three caffeoyl CoA reductases (CCR) were most abundant in Phlo under ctrl conditions, while a second set of putative CCRs and caffeic acid O-methyltransferases (COMT) were most abundant in ctrl CRD cells. One gene annotated as cinnamyl alcohol dehydrogenase (CAD) showed highest transcript abundance in CP cells under MeJa conditions. Secondary metabolites of the conifer chemical defense system, including phenolics, may be biosynthesized and stored as glycosides, and may be released as aglycons by glycosyl hydrolases (GH). The expression map of all b-glucosidases from family 1 (i.e. GH1) identified in the bark transcriptome revealed a small number of GH with varying cell type specifies ( Figure S10 ).
DISCUSSION
The two main goals of this work were: (i) to provide an enriched transcriptome resource for the conifer white spruce, a gymnosperm tree species, including rare and full-length sequences of genes involved in defense and specialized metabolism; and (ii) to provide spatially refined insights into the responses to MeJa in this conifer system. Although a white spruce genome assembly and its annotations have been published (Warren et al., 2015) , the assembly is still highly fragmented, as is the case for all other published conifer genomes (Birol et al., 2013; Nystedt et al., 2013; Neale et al., 2014 Neale et al., , 2017 Stevens et al., 2016) . Advanced conifer transcriptome resources, as described here for white spruce, therefore continue to be essential for gene discovery and future improvement of genome annotation and genome assembly contiguity. To address the first goal, we used nonamplified RNA from LMD-isolated CRD and CP cells as well as Phlo tissue from the bark of MeJa-treated and ctrl trees. Due to the low yield of RNA that could be obtained from microdissected cells, samples from clonal trees were pooled to obtain sufficient amounts of RNA, which ultimately increased the ability to identify new transcripts. For example, we annotated full-length sequences for two previously missing genes of the MEV pathway (MK and PMK), and identified additional full-length P450 and TPS coding sequences not detected in previous white spruce genome and trancsriptome annotations (Warren et al., 2015) . The improved sequence resources for white spruce will be useful as a reference for genome research also in other gymnosperms, making the present enriched transcriptome study a valuable resource for the plant genomics community. It is important to note that combining microdissected samples from multiple trees towards an enriched transcriptome resource prevented us from assessing the level of tree-to-tree variation of celltype-specific transcript abundance, and performing statistical analyses on differential gene expression between cell types and treatments for the LMD samples. Therefore, in a second line of experiments, to provide statistically supported insights into the response to MeJa, we sequenced the transcriptome of the bark tissue complex for multiple biological replicates and performed differential gene expression analysis using the identical trees that were also sampled for the LMD work. Overall, the combination of LMD and RNA-Seq of the white spruce bark identified a large set of transcripts that are expressed in a cell-type-specific manner. Cell type specificity of transcript expression showed large-scale dynamics in a MeJa-induced defense response. Over 13 000 protein-coding transcripts (~6%) appeared to be selectively expressed in a cell-type-or tissue-specific manner (Tau = 1). This number is comparable to the portion of tissue-specific transcripts in developing tomato (3%; Matas et al., 2011) and compartment-specific transcripts in maize kernels (1-8%; Zhan et al., 2015) . In addition, approximately 1000 protein-coding cell-type-or tissue-specific transcripts appeared to be expressed only after MeJa treatment. Taken together, the spatially refined analysis of the white spruce bark revealed aspects of a mosaic-like and dynamic (i.e. kaleidoscopic) MeJa-inducible transcriptome.
Genes may be generally classified in two contrasting categories according to their cell type specificity of expression: those that are expressed in all or most cells; and those that are selectively expressed in only one or a few cell types. The proportion of transcripts of these two categories of genes may be an indicator of the degree of cell specialization. Among the three bark cell types and tissues analyzed here, CRD cells would be the most specialized with 50% more unique transcripts than CP cells and slightly more unique transcripts than Phlo. The transcriptome data strongly support a specialized constitutive function of CRD cells in the production of oleoresin terpenes in the conifer defense system . For example, all genes of the MEP pathway, a large number of the TPS genes and known P450s of DRA biosynthesis are highly and/or preferentially expressed in CRD cells, while MEV pathway genes had a lower and less specific expression. Surprisingly, MEP pathway transcript abundance was decreased at 8 days after MeJa treatment, although their relative expression level remained high. Along the MEP pathway, individual genes had strikingly different expression levels. It is possible that genes with higher transcript abundance may encode for enzymes with low catalytic efficiencies, or they may represent pathway nodes that accommodate fluxes into alternate branches, as reported by Nagel et al. (2014) , who identified an unusual terpenoid branch point in the MEP pathway in Norway spruce. Transcript expression analysis of phenylpropanoid biosynthesis showed a ubiquitous constitutive and induced presence in the white spruce bark. The core phenylpropanoid pathway genes PAL, C4H and 4CL were represented in the transcriptome analysis with small gene families with individual genes having constitutive or inducible expression with different levels of cell type specificity. Similarly, the branch pathways of phenylpropanoid biosynthesis including flavonoid, stilbenes and monolignol biosynthesis genes include small gene families with celltype-specific transcripts having constitutive or inducible expression. These expression patterns are consistent with the multi-branched architecture of phenylpropanoid biosynthesis, and suggest that transcriptional control plays a key role in the activation and production of different phenylpropanoid metabolites in a cell-type-specific fashion. In addition to the expression in CP and phloem, we identified individual gene family members annotated as PAL, C4H, 4CL, CCR, COMT and CHI that were highly expressed in CRD cells.
EXPERIMENTAL PROCEDURES
Plant material
White spruce (P. glauca) seedlings of the genotype Pg653 were clonally propagated by somatic embryogenesis and provided by Dr Krystyna Klimaszweska (Natural Resources Canada, Canadian Forest, Saint-Foy, Quebec) . Unless otherwise stated, we used 5-yearold trees that were maintained outside at the University of British Columbia (Vancouver) under natural conditions and moved into a greenhouse during the summer 2 weeks prior to MeJa treatment. Growing conditions, treatment with MeJa and sample collection were as described in Miller et al. (2005) . The stem of the uppermost inter-whorl was harvested on day 8 after treatment, cut into 5-mmlong segments, frozen in liquid nitrogen and stored at À80°C.
Light microscopy
Stem segments were fixed in 4% formaldehyde in 50 mM PIPES buffer, pH 7.2, for 30 min under vacuum at room temperature, rinsed with PIPES buffer twice and dehydrated in a series of ethanol steps. Ethanol was stepwise exchanged for LR white resin, followed by overnight infiltration with 100% LR white resin and polymerization at 60°C for 16 h. Sections (500 nm thickness) were cut with a Leica ultra-microtome EM CU6 fitted with a diamond knife, transferred into a drop of water on a glass slide, dried and stained with Stevenel's blue and imaged with a Leica LMD6000 microscope.
Cryo-sectioning and LMD
Cryo-sectioning and LMD were performed as described (Abbott et al., 2010) , with minor modifications. In brief, stem segments were transferred to a Leica CM3050 S cryostat (Leica Microsystems, Germany), fixed to a cold sectioning disc with Optimal Cutting Temperature Medium (OCT, Sakura Fintek USA, USA) and equilibrated to À25°C. Cross-sections of 30 lm were transferred into ethanol on a PET-membrane frame slide (Leica Microsystems, Germany). LMD was performed on a Leica LMD6000 system using the following settings: power = 110; speed = 2; specimen balance = 6; and offset = 80. Isolated cells and tissue were collected into caps of a collection tube containing 30 ll of lysis buffer (Ambion RNAqueous â -Micro Kit) and stored at À80°C until RNA isolation.
RNA isolation and transcriptome sequencing
RNA was isolated from samples isolated by LMD cells using the Ambion RNAqueous â -Micro Kit. Frozen samples in lysis buffer were thawed on ice and transferred from the cap to the bottom of the tube by pipetting. Lysis buffer was added to a final volume of 100 ll and the sample was incubated at 42°C for 30 min. Each tube received 3 ll of LCM additive and was mixed by briefly vortexing. The content of tubes containing samples from the same tree, cell/tissue type and treatment were combined, and 0.5 volumes of 100% ethanol added. Lysate was passed through the RNA-binding column, washed and eluted according to the manufacturer's instructions. RNA integrity and quality were assessed using a Nano chip and 2100 Bioanalyzer (Agilent Technologies, USA). RNA was concentrated using GeneJET RNA Cleanup and Concentration Micro Kit (Thermo Scientific, USA). RNAs from the same cell/tissue type and treatment were pooled to obtain sufficient material for RNA-Seq. Isolation of RNA from bark tissue complex was done using the PureLink Plant Reagent (Invitrogen, USA) following the manufacturer's small-scale protocol. Approximately 1 lg of total RNA per sample was sent to the McGill University and G enome Qu ebec Innovation Centre (Montreal, Canada) for strand-specific library preparation and sequencing. Sequencing was performed on the HiSeq2000 Illumina platform using 100-cycle paired-end sequencing. The six cell-type-specific libraries were multiplexed and sequenced in two lanes using a balanced block design where each library was sequenced in each lane to control for lane-effects (Auer and Doerge, 2010) . The eight bark tissue complex libraries were multiplexed and sequenced in one lane.
Sanger sequencing of cDNA libraries
Total RNA was extracted from LMD-isolated CRD and cambium from stems of MeJa-induced 2-year-old Pg653 trees harvested at days 2, 4 and 8 after treatment. Non-normalized cDNA libraries were produced using Clontech Creator Smart kit and Evrogen Trimmer Direct kit primers. cDNA was ligated into pAL17.3 vector, then transformed by electroporation into DH10B-T1 phage-resistant cells (Invitrogen) and Sanger sequenced (Ralph et al., 2008) .
RNA-Seq transcriptome assembly
In total, from 14 different RNA samples and libraries we generated 653 M PE-reads (100 bp long; 205 M from bark tissue complex RNA and 448 M from cell tissue-type-specific libraries). All reads were initially pooled, filtered for spruce rRNAs and contaminations, and adapters trimmed using Trimmomatic (Lohse et al., 2012) . A resulting set of 490 M reads was assembled de novo with Trinity (Haas et al., 2013) 
Differential gene expression analysis
Read-counts estimated with Sailfish were normalized using DESeq2 R package v. 1.6.1 (Love et al., 2014) and analyzed for DE genes using the default pipeline given by the function 'DESeq' that uses the Wald test to assess DE. FDR was set at 10% cut-off to define DE genes. Genes with an absolute fold-change ≥2 were classified as DE.
RT-qPCR
RNA was isolated using PureLink Plant Reagent (Invitrogen, USA) from bark tissue of ctrl and MeJa-treated trees, and cDNA synthesized using Maxima First Strand cDNA Synthesis kit for RT-qPCR with dsDNase (Thermo Scientific) according to the manufacturer's instructions. RT-qPCR assays were performed using SsoFast ™ EvaGreen supermix (Bio-Rad) in 12-ll reactions containing 9 ng of cDNA, and 300 nM of forward and reverse primers each (Table S13) . Primer specificity was verified by melting curve analysis and sequencing of amplicons. No-template controls were included in each plate for each primer pair to verify purity of reagents. All reactions were performed in duplicate for all four biological replicates per treatment. Primer amplification efficiencies and baselines were estimated for each amplicon with LinRegPCR (Ruijter et al., 2009) . Three reference genes were selected and validated using the gNorm algorithm, and used to determine the transcript normalized relative quantities (NRQs) using the software Qbase (Hellemans et al., 2007) . Linear regression analysis of RT-qPCR and RNA-Seq fold-changes in gene expression were performed using R software. In total, 21 genes were randomly selected for validation of DE observed in RNA-Seq data.
Hierarchical clustering and heat maps
Cluster analysis was performed to detect dominant, relative expression patterns across cell/tissue types and treatments using software routines in R. A subset of 2484 transcripts was filtered to represent those with the highest variability and highest expression across the different cell/tissue type libraries. This subset of transcripts was selected if they comply with the following two conditions: (i) having a sum of expression (transcripts per million, TPM) >10 across cell types and treatment; and (ii) an interquartile range of the Log2 of the expression values (TPM) >3.5 across cell types and treatment. Clustering and heat maps were generated using TPM expression values after mean-centering and z-score scaling. Hierarchical clustering was performed using the standard R function hclust (Kaufman and Rousseeuw, 1990) , with Pearson's correlation as distance measure for rows (transcripts) and Spearman correlation as distance measure for columns (cell/tissue types/ treatments) using in both cases the 'complete linkage' clustering method. Row clusters in the dendrogram were identified by setting an arbitrary dendrogram height for cutting the branches. Pathway expression maps and gene family expression maps were generated using the heatmap (ii) function of the R package gplots version 2.17.0 (https://cran.r-project.org/web/packages/gplots/) with the scale = 'row' option to z-score-normalize rows. Z-scores were calculated as: z = (x À mean)/SD, where x is the transcript abundance in a given cell/tissue type, the mean represents the mean transcript abundance across all three cell/tissue types and conditions (row; CP, CRD and Phlo, for ctrl and MeJa), and SD is the standard deviation of transcript abundance across all three cell types and conditions.
Analysis of cell/tissuetype specificity
The Tau-score (s) was calculated for each transcript according to the equation (Liao and Zhang, 2006) :
1 À a ij max j ða ij Þ where (s i ) is the Tau-score, n is the number of cell/tissue types where the transcript is expressed, and a ij is the average expression for transcript i in cell/tissue type j. Transcript expression at the same level in all cell/tissue types resulted in a Tau-score of zero; if a transcript was expressed only in one cell/tissue type the Tau-score was 1. Tau-scores were calculated separately for each treatment with two cell/tissue type specificities per transcript and allowing the assessment of changes in specificity as affected by MeJa. The cell/tissue type where a transcript is preferentially expressed corresponds to the one with the highest expression. When a transcript was found to be expressed in two cell types only, we considered n = 2; and in the case that a transcript was expressed in only one cell type, we set Tau = 1, as division by 0 is mathematically undefined. Data analysis and calculations were performed with customized R routines using Sailfish TPM as expression data.
Transcript annotation and enrichment analysis
Transcripts were annotated using two complementary approaches. Selected pathways and gene families of conifer defense (MEP, MEV, TPS, CYP450 and phenylpropanoid biosynthesis genes) were annotated based on annotations by Warren et al. (2015) and curated reference protein databases as described by Zerbe et al. (2013) . The remaining transcripts were annotated using the Blast2go pipeline (Conesa et al., 2005) . Blast was done locally against the viridiplantae database downloaded from NCBI in September 2014. Blast hits with an e-value <1e À10 were considered for mapping and annotation steps in Blast2go. GO terms and InterPro domain annotations were performed using the TRAPID web server and the PLAZA2.5 database (Van Bel et al., 2013) . Enrichment analysis of GO terms for different transcript subsets compared with the transcriptome was performed using the TRA-PID server analysis tools (Van Bel et al., 2013) .
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